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Volcano-tectonic processes in the central part of Iceland, covered by the Vatnajökull glacier,
are investigated by inversion of focal mechanisms. Working on a large catalog of focal
mechanisms determined by the Icelandic Meteorological Office (IMO), we used a damped
regional-scale stress inversion method to obtain an insight of kilometric variations of the
stress field. To evaluate the resolution and the stability of this stress field solution, we
computed checkerboard tests, stress field models and error propagation tests. Stress
field models showed a continuous stress regime between normal and strike-slip faulting,
associated with a high stress shape ratio (i.e., σ1 ≈ σ2). Two main directions of σhmin
were evidenced: the first one was in agreement with the regional spreading direction of
Iceland and the second one was deviated, being almost perpendicular to the first one. The
deviated stress direction is sustained through the 20 year time-span of the study around
the Bárðarbunga and Grimsvötn central volcanoes while the spreading direction remains
predominant around the Hamarinn volcano. This result supports the hypothesis that this
volcano lacks collapse caldera and shares a fissure swarm with the larger Bárðarbunga
volcano. On a smaller temporal scale, during the 1996 volcanic crisis, a bimodal distribution
of σhmin showed two opposite strike-slip regimes where the deviated direction dominated.
Because these two states of stress T1 and T2 show stress regimes away from the
Andersonian positions, P, B, and T axes, the rapid flip between these two regimes may be
associated with the progressive melt intrusion of a dyke.
Keywords: seismotectonics, mid-ocean ridges, volcano-tectonic interactions, focal mechanisms, Stress inversion,
slow spreading ridges, Icelandic hot-spot
INTRODUCTION
At the intersection of the North Atlantic spreading ridge and
the Icelandic hotspot, Iceland is a particularly interesting area
to investigate the interactions in space and time between tec-
tonics and volcanic activity. The central part of the island is of
critical interest because it is formed by the most active volcano-
tectonic systems. Moreover, two-thirds of the area is covered by
the Vatnajökull ice cap (Figures 1A,B) and is also featured by the
fastest rebounding process.
Using a large number of focal mechanisms provided by the
Icelandic Meteorological Office (IMO), we computed a first order
stress field to characterize the crustal stress. This stress field
results from volcanic, tectonic processes and isostasic rebound
of the crust. Episodic volcanic crises may also cause local high
diversity of focal mechanisms with time (e.g., Einarsson, 1991;
Roman et al., 2008; White et al., 2011). Thus, a second stress
analysis was carried out to evaluate the state of stress during a
volcanic crisis and the results were compared to the regional stress
field.
In this paper, a regional stress field that includes (1) a checker-
board test to evaluate the sensitivity of random choice of the
nodal plans of double focal solutions and the confidence in the
dimension of the selected subareas, (2) an analysis of the differ-
ent damped stress fields obtained by the Hardebeck and Michael
(2006) approach in terms of stress orientations and stress regime,
(3) the stability of the resulting stress field by an analysis of
random errors propagated in the data is carried out over a 20
year time-span. Another “local” stress inversion is effected dur-
ing a volcanic crisis using a random stress search. Finally, we
discuss the resulting stress field (regional and as a function of
time) in the light of recent volcano-tectonic and crustal rebound
modeling to decipher the probable causes not only of stress ori-
entations but also of stress magnitudes in regard to volcanic,
tectonic and the potential influence of the Vatnajökull ice cap, and
their implications for the comprehension of the slow spreading
ridge.
GEODYNAMIC CONTEXT
GEODYNAMIC CONTEXT OF ICELAND
Iceland is an emerged part of the Mid-Atlantic Ridge origi-
nated by the superposition of the spreading ridge axis and the
Icelandic hotspot (Figure 1A). This particular situation gives rise
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FIGURE 1 | Location of the studied area and the geodynamic context
of the central part of Iceland. (A) Rift and transform zones in Iceland.
Thick gray lines: offshore ocean ridge axes of the Mid-Atlantic ridge.
Thick black lines: transform zones with couple of arrows indicating the
sense of movement (modified after Angelier, 2002). Main Holocene
volcanic systems of onshore rift zones in red with glacier left in white
(after Sæmundsson, 1979; Thordarson and Larsen, 2007). Earthquakes
epicenters from 1991 to 2009 provided by IMO are shown as small black
dots. Apex zone of Icelandic hotspot superimposed in light blue (after
Tryggvason et al., 1983). Triangles: seismic station locations, colored as a
function of the time of installation (see color bar on the right side). Red
dots: active central volcanoes belonging to the volcanic systems. B:
Bárðarbunga; D: Dyngjufjöll-Ytri; G: Grimsvötn; H: Hamarinn; Ha:
Hagöngur; K: Kverkfjöll; Ka: Katla; P: Þórðarhyrna; V: Vonarskarð. (B) Area
of study showing the epicenters of the dataset used for the inversion
(2434 mechanisms) as function of depth, and the volcanic systems.
1:fissure swarm; 2: domain of central volcano; 3: caldera (after
Jóhannesson and Sæmundsson, 1998).
to interactions between tectonic and volcanic processes, inti-
mately linked in such a region. On the Earth’s surface, these
interactions are expressed by volcano-tectonic systems made of
central volcanoes, long eruptive and non-eruptive fissures and
faults (Sæmundsson, 1979). Moreover, Iceland is undergoing
glacial isostatic adjustment due to the recent retreat of the glacier
(Árnadóttir et al., 2009).
The Icelandic rift consists of several volcano-tectonic systems
grouped into the Eastern Volcanic Zone (EVZ), the Western
Volcanic Zone, and the North Volcanic Zone (Figure 1A). A
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typical volcano-tectonic system consists of a central volcano asso-
ciated with eruptive fissures, normal faults and extension frac-
tures. The Icelandic mantle plume of the hotspot lies under the
central part of Iceland, which is partly covered by the Vatnajökull
glacier (e.g., Tryggvason et al., 1983; Allen et al., 2002). Plate
divergence occurs at a rate of approximately 2 cm.year−1 in a
N105◦E direction (DeMets et al., 1990, 1994). The Iceland rift is
offset by two active transform zones: the South Iceland Seismic
Zone and the Tjörnes Fracture Zone, connecting the emerged
part of the rift to the offshore Reykjanes and Kolbeinsey ridges,
respectively.
GEOLOGICAL SETTING OF THE EAST VOLCANIC ZONE
The volcano-tectonic systems
Our study area in the central and eastern parts of the EVZ is
two-thirds covered by the Vatnajökull ice cap (Figures 1A,B),
explaining why the knowledge of its geology is much less
detailed than that of ice-free regions of volcanic zones. Four vol-
canic systems have been identified in the EVZ: Grimsvötn-Laki,
Bárðarbunga-Veiðivötn, Vonarskard-Hagöngur and Kverkfjöll.
(1) The Grimsvötn-Laki volcanic system extends from the Laki
volcanic fissure (ice-free domain, south of the Vatnajökull) to theÞórðarhyrna and Grimsvötn central volcanoes (ice-covered). In
the two last decades, the Grimsvötn volcano has been the most
active volcano in Iceland (Larsen et al., 1998; Larsen, 2002); the
most recent eruptions occurred in 1998, 2004, and 2011. (2)
Bárðarbunga-Veiðivötn is a large volcanic system roughly 180 km
long. It extends from the edge of the Torfajökull central volcano
at its southwestern part to the Dyngjufjöll-Ytri hyaloclastite ridge
at its northeastern part. It comprises the Bárðarbunga, a large
ice-covered central volcano, together with the Hamarinn central
volcano that lies 15 km southwest of Bárðarbunga. This volcanic
system is characterized by numerous fissure swarms (eruptive and
non-eruptive) trending NE-SW, presumably extending through
the margins of the glacier (Jóhannesson and Sæmundsson, 1998).
The Bárðarbunga central volcano was considerably active dur-
ing historical times. (3) The Vonarskard-Hagöngur, situated
northwest of the Bárðarbunga-Veiðivötn volcanic system, is a
volcano-tectonic system in which the main central volcano is
Vonarskard-Tungnafellsjökull. (4) The Kverkfjöll volcanic sys-
tem, around the Kverfjöll central volcano, belongs to the North
Volcanic Zone.
The crustal structure
Only a few seismic profile images show the crustal struc-
ture beneath the Bárðarbunga-Grimsvötn volcanic complex
(Darbyshire et al., 1998, 2000; Allen et al., 2002). The upper
crust is believed to be thin below this area, being only about 4–
5 km thick, while the Moho reaches a depth of roughly 40 km
directly above the plume center and thins rapidly away from
it (Darbyshire et al., 1998, 2000; Allen et al., 2002). A recent
study based on gravity data has shown that the Vonarskard,
Bárðarbunga, Kverkfjöll and Grimsvötn volcanoes are associated
with major high density anomalies located in the upper crust
(Guðmundsson and Hognadóttir, 2007), interpreted as predomi-
nantly basic intrusions. Note that, in contrast, no gravity anomaly
is observed for the Hamarinn central volcano.
Associated seismicity
More than 240,000 earthquakes with seismic moment magnitude
Mw ranging from−2.4 to 6.4 were recorded locally between 1990
and 2010 by the IMO seismological network; they cluster mainly
around the transform zones (Figure 1A). Other large clusters of
earthquakes are observed around some of the central volcanoes,
particularly in the EVZ, which includes the youngest and most
active volcanic systems of Iceland (Figure 1B).
MATERIALS AND METHODS
Focal mechanisms are commonly used to investigate the crustal
stress in tectonically active regions. However, determining the
stress field from focal mechanisms is not straightforward and
raises several questions: what is the volume in which crustal stress
can be considered to be homogeneous? What is the number and
quality of the required data? How can the presence of different
types of focal mechanisms within the volume and the geometry
of the active tectonic systems be explained? Paleostress analyses
highlighted that the separation of a heterogeneous dataset into
spatially and temporally homogeneous subsets is fundamental
to avoid artefacts in stress solutions: such computed solutions
can only represent a compromise between different homoge-
neous subsets and hence are inconsistent with the actual stress
field (e.g., Célérier et al., 2012). Automatic and interactive sep-
arations to obtain homogeneous subsets have been performed
for paleostresses (e.g., Armijo and Cisternas, 1978; Angelier,
1979; Angelier and Manoussis, 1980; Etchecopar et al., 1981;
Etchecopar, 1984; Mercier and Carey-Gailhardis, 1989; Yamaji,
2000, 2003). However, such automatic methods may give rise
to serious artefacts (Angelier, 1984; Lisle and Vandycke, 1996;
Delvaux and Sperner, 2003; Liesa and Lisle, 2004; Sperner and
Zweigel, 2010). The most robust way forward is to separate
the data based on fault kinematics, mechanical consistency and
field observations (e.g., Bergerat, 1987), but this is not feasi-
ble when the dataset consists of hundreds or thousands of focal
mechanisms.
Hardebeck and Michael (2006) proposed a stress inversion
method that finds the least complex stress field model consis-
tent with the data. This uses an adaptive damping method, which
discriminates between variations that are or are not strongly
required by the data and retains only variations that are well-
resolved. In more detail, the area studied is divided into subareas
and all cells are simultaneously inverted for the reduced stress
tensor while minimizing the stress differences between adjacent
areas. This method involves a random choice of nodal plan dur-
ing the inversion procedure, which is especially useful when using
a large catalog of focal mechanisms such as in this study. We will
retain this methodology to define a preliminary stress field and
its significance in terms of volcano-tectonic processes beneath the
central part of Iceland (Figure 1A). Regarding the state of stress
over time, a random stress search is more suitable for smaller data
subsets than the regional damping method, and it will be carried
out here for a volcanic crisis.
THE EARTHQUAKE CATALOG USED FOR INVERSION
In the area studied, 5997 earthquakes with moment magnitudes
from −2.3 to 5.4 Mw were recorded in the IMO database from
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1991 to 2009 and each of these events was associated with a
double-couple focal mechanism. An estimation of the fault plane
solution is based on P and S polarities and amplitude data
(Rögnvaldsson and Slunga, 1993, 1994). Fault plane solutions
and earthquake location are refined interactively by checking the
arrival times of seismic events issued from the network routine
(Böðvarsson et al., 1996). Single-event and multi-event locations
are used in the routine analysis. Where the station coverage is
good, the optimal fault plane solution can be expected to be
within ±15◦ of the three source angles for events not larger than
0.5 Mw (Rögnvaldsson and Slunga, 1993). Quality and accu-
racy of these solutions improved during the last decade due to
the increase in station coverage. However, the area we studied
is located in the central part of Iceland and is less densely cov-
ered than the transform zones, partly due to the presence of
the glacier. We selected events with magnitudes greater than 2
Mw (2434 mechanisms; Figure 1B) to remove earthquakes that
were detected by too few stations and so were poorly deter-
mined. The earthquakes selected cluster mainly around central
volcanoes at depths ranging from 12 to 8 km for Bárðarbunga
and Kverkfjöll, and 8 km to near the surface for Hamarinn and
Grimsvötn (Figure 1B).
STRESS INVERSION PRINCIPLE
The stress inversion method is based on the assumption that the
slip vector s (defined by the rake) is parallel to the shear stress
τ as described by Wallace (1951) and Bott (1959). These authors
assumed that the direction of slip on a fault plane is parallel to that
of the resolved shear stress. Instead of using the absolute mag-
nitude of the stress tensor, a reduced stress tensor is sought by
subtracting an isotropic part and a scale factor that do not affect
the orientation of the resolved shear stress τ (e.g., see appendix of
Burg et al., 2005). Thus, the reduced stress tensor Tr is defined by
the orientation of the principal stress axes σ1, σ2, and σ3 (with
stress magnitudes of σ1 ≥ σ2 ≥ σ3, respectively) and the stress
shape ratio  =
(
σ2−σ3
σ1−σ3
)
as defined by Angelier (1975), repre-
sented in the principal frame S = (σ1, σ2, σ3) where σ1, σ2, and
σ3 are unit vectors such as:
TSr =
⎛
⎝
1 0 0
0  0
0 0 0
⎞
⎠ (1)
Two types of algorithm are used here: (1) a linear stress inversion,
which minimizes the difference between sand τ implemented in
the damped stress inversion (Michael, 1984, 1987; Hardebeck and
Michael, 2006) and (2) a random stress search such as Etchecopar
et al. (1981) and Etchecopar (1984) implemented in the Fsa
package (Célérier, 2013), which minimizes the angular α misfit
between τ and s. For more details pertaining to the minimiza-
tion criteria, the reader is referred to the review of Célérier et al.
(2012). The first algorithm is used to determine the regional
stress field using all the dataset. The second is used to detect the
mechanically homogenous data subset when less data are consid-
ered for inversion, such as during a volcanic eruption. In this way,
the compatibility of the stress tensor can be verified with each
datum. For double-couple focal mechanisms, an ambiguity of the
two nodal planes arises because the shear stress (τ ) and the slip (s)
cannot be aligned on both nodal planes, unless a principal stress
axis is parallel to the B axis or the stresses are axially symmetric
such that  is close to 0 or 1 (Gephart, 1985). Following the pro-
cedure of Hardebeck and Michael (2006), we adopted a random
choice of the nodal plane in the inversion process. In the follow-
ing section, we will discuss the implications of this choice. For the
random stress search, the fault plane yielding the lowest α misfit
between the two nodal planes is considered for inversion (i.e., the
best fault plane).
DAMPED STRESS INVERSION
We argue that the stress field is a function that can vary gradu-
ally from one point to another due to local forces superimposed
on the regional tectonic stress. To take into account this pro-
gressive variation, we assume that the stress tensor computed
for the area just around the point of coordinates x, y, and z is
due to mechanical local conditions existing at this point, but is
also influenced by tectonic conditions of the neighboring volume
(x ± ε, y ± ε, z ± ε). The region studied is divided into a series
of cells and the dataset (in our case the focal mechanism parame-
ters) is partitioned in this mesh. In each cell, if the number of data
is sufficient, it is theoretically possible to invert the local stress
tensor as explained above. We invert simultaneously all the ten-
sors for all the cells using the classical equation of tomography
techniques given by:
Gallmall = dall (2)
Where dall is the data matrix (slip vector and plane orientation
for each focal mechanism) and mall the model matrix containing
the stress tensors which is defined by 5 parameters (see details in
Hardebeck and Michael, 2006). Gall is derived from the data of
each focal mechanism at node ij and is given by:
Gall =
⎛
⎜⎜⎜⎜⎜⎝
G11 0
G21
G31
. . .
0 Gij
⎞
⎟⎟⎟⎟⎟⎠
(3)
At least a square solution for this system is given by:
GTallGallmall = GTalldall (4)
This inversion provides the same results as if the data for each cell
were inverted separately. To damp the differences in the estimated
stress tensor between neighboring cells, we introduce a matrix D,
the same size as G, with identity matrices for neighboring cells
and zeroes everywhere else Hardebeck and Michael (2006). The
damped least square solution is then given by:
{
GTallGall + e2DTD
}
mall = GTalldall (5)
Where e is the scalar damping parameter that controls the
relative weighting sum of the data misfit and the model
variance (Figure 2A). Not only does this damping technique
Frontiers in Earth Science | Structural Geology and Tectonics May 2014 | Volume 2 | Article 9 | 4
Plateaux et al. Volcano-tectonic interactions inferred from stress
FIGURE 2 | Trade-off curve between the data variance and the model
variance for the full range of possible values of the damping
parameter e. Number close to each black triangle denote the value e
at this mark (Hardebeck and Michael, 2006). (A) Trade-off curve for
inversion of the synthetic data; (B) Trade-off curve for inversion of the
real data.
simultaneously minimize the misfit between the estimated stress
fieldmodel and the data, it alsominimizes the differences between
the estimated stress tensors in neighboring cells (referred to as
model variance). The computation is very close to the inversion
techniques developed by Aki and Richards (1980) for arrival time
tomography.
RANDOM STRESS SEARCH
The random stress search is based on a Monte Carlo procedure
and was developed for stress inversion by Etchecopar et al. (1981)
and Etchecopar (1984). In this study, we used the Fsa package
(Célérier, 2013). The best reduced stress tensor is obtained by test-
ing a number of random stress tensors (here 10,000) and selecting
those that yield the shear stress direction as close as possible to
the observed slip vector of a data subset. The individual angular α
misfit is defined as the absolute difference between the observed
and predicted rake for each focal mechanism. The misfit function
is thus defined by the average of the lowest individual misfit of the
dataset.
RESULTS
REGIONAL STRESS INVERSION
Checkerboard tests
The checkerboard test is a very common technique in geophysics
to evaluate the resolution and sensitivity of inversion results to the
data. More specifically, we have designed a synthetic stress field as
the model m containing a stress tensor at each node ij. We gen-
erated synthetic data d’ based on the locations and fault planes of
the earthquakes in the catalog and computed the new predicted
slip vector for each focal mechanism k given by the model m. By
inverting the data d’, we obtained the model mˆ and we inspected
the result by comparing the model m with mˆ. The aim of the fol-
lowing tests is to evaluate the grid size and random choice of the
actual fault plane proposed byHardebeck andMichael (2006). No
noise is added to the synthetic data.
We gridded the study area with a 2.5 × 2.5 km mesh to obtain
on average 30 focal mechanisms per cell (Figure 3). Because
earthquakes cluster under each central volcano and are located
in a limited range of depth typical for each volcano, we adopted
a 2D grid as a first order stress field (see Figures 1B, 3). We also
performed experiments using different grid sizes such as 5 × 5 km
and 1 × 1 km. The grid size of 2.5 × 2.5 km has the advantage
of giving a high number of cells associated with a stress tensor
to resolve kilometric stress deviation, while keeping an average
of 25–30 focal mechanisms per cell, which is statistically rele-
vant for a representative stress tensor. On the one hand, reducing
the grid size significantly diminishes the average number of focal
mechanisms per cell. On the other hand, taking a larger grid size
increases the number of focal mechanisms per cell and decreases
the number of computed stress tensors. In this case, the stress field
is resolved but small stress variations would not be revealed.
We produced a simple synthetic model m as the strike slip
regime with σ1 alternatively heading to N 000◦ and N 045◦ for
each adjacent node ij. Then, we ran two inversion tests with (1) no
damping (e = 0) and (2) the optimal e-value of damping chosen
at the lower left corner of the trade-off curve, which yields the best
compromise between misfit and model variances (Figure 2A).
Stress tensors are calculated if at least 8 focal mechanisms are
contained per cell for both tests.
For inversion with no damping, the results show that the stress
field mˆ issued from the inversion of the synthetic data gave a
good reproduction of the synthetic stress field m in terms of
stress orientations in all cells (Figure 3). The values of the fourth
unknown are on average also well-retrieved from the inversion.
Examining the plunge of σ1, σ2, and σ3 on a triangular diagram
(Figure 3D) shows that all stress tensors are strike-slip in type
with σ2 within 20◦ of the vertical. This first test reveals that a ran-
dom choice of the nodal planes does not significantly affect the
resulting stress field. Thus, the size of the grid is well-adapted to
the inversion.
For the next inversion, we used a value for the damping param-
eter e = 0.6, corresponding to the optimal value given by the
trade-off curve depicted in Figure 2A. Figure 3 shows that the
stress orientation of the principal axes is well reproduced with
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FIGURE 3 | Checkerboard tests using synthetic earthquakes based on
the selected earthquake catalog. (A–D) With no damping (e = 0):
(A) map of the stress field issued from inversion of the synthetic
earthquakes, superimposed red and green bars represent σ1 and σ3
respectively, denoting the strike slip regime; color bar denote the value
of the stress shape ratio  from the stress inversion; epicenters of
earthquakes are represented as red dots; the small crosses show the
nodes of the grid in Figure 2B; (B) diagram of  with the number of
the stress tensor on x-axis and the value of  on y-axis;
(C) stereo-diagram of lower hemisphere (Schmidt’s projection) showing
the principal stresses where red, blue and green denote σ1, σ2, and σ3
respectively; (D) ternary diagram of the principal stress axes (e.g.,
Frohlich, 1992); (E–H) with damping (e = 0.6), same legend as for
checkerboard test with no damping.
a damped stress inversion. Examining the plunge of σ1, σ2, and
σ3 on a triangular diagram (Figure 3H) reveals that all stress ten-
sors remain strike-slip in type, although more stress tensors show
a σ2 away from the vertical than do the ones from the model
with no damping. These results also reveal that cells contain-
ing a low number of data are first influenced by cells with a
higher number of data when the damping parameter increases
(Figure 3E).
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These two checkerboard tests show that the sensitivity of the
damped inversion is dependent on the number of data per cell
and thus on the grid size. The synthetic stress field is well repro-
duced, despite the random choice among the two nodal planes.
One should note that the heterogeneity of data within a cell is not
evaluated with these tests.
Stress field results
We performed a damped stress inversion on the selected earth-
quake catalog described in section The Earthquake Catalog Used
for Inversion.We used the grid size chosen from the checkerboard
tests, as well as the same minimum number of focal mechanisms
per cell to compute a stress tensor (Figure 3). Because the solu-
tion is not unique for such an inversion method, we computed
four damped inversion models as a function of the scalar damp-
ing parameter e to evaluate the stability of the stress field in each
cell. The e-values were chosen from the optimal value at the lower
left corner of the trade-off curve (e = 0.6) compared to an a priori
over-damped model (e = 1.4; Figure 2B).
Considering all the models, the effect of damping can clearly
be seen in Figure 4, where a smoother model was obtained with
high damping. All type of faulting were revealed, but normal
and strike-slip faulting dominated (Figures 4, 5). In detail, the
ternary diagrams show a continuum regime between strike-slip
and normal faulting, revealing the occurrence of stress permu-
tations between σ1 and σ2. This continuum is in agreement with
the high stress shape ratio (e.g., = 1) determined in the models
(see Table 1). Nevertheless, stress permutation between σ2 and
σ3 associated with a low stress shape ratio also occurs and this
undergoes a slight decrease with the damped model e = 1.4. In a
first approximation, the stress trajectory is rather scattered for the
model e = 0.6. However, according to the geographical location,
some trends remain stable irrespective of the e-value (Figure 4).
Thus, the stress field can be divided into one of four bins as
a function of the central volcano: Bárðarbunga (B), Grimsvötn
(G), Kverkfjöll (K), or Hamarinn (H). For convenience, we cal-
culated the minimum horizontal stress σhmin as defined by Lund
and Townend (2007) to read the trend of the stress trajectory
(Figure 6). (1) The σhmin in the H bin trends NW-SE with two
main peaks at N135E and N090 for damping of e = 0.6. Upon
increasing the damping e-value, the preferred orientation reaches
N120 to N130. (2) The G bin shows more scattered σhmin trends.
However, the two main peaks are in the range of N060-90 and
N000-N010. Damping tends to decrease the height of the first
peak and to converge the σhmin orientations toward a more nar-
row range between N070 and N080. (3) The stress pattern of the
B bin is the most constant, showing a main peak in the range
of N090 to N100, with few σhmin axes tending perpendicular to
this direction. When damping is strengthened, the main peak lies
from N070 to N080. (4) The K bin constantly shows the same
direction of σhmin, which ranges from N010 to N030.
When the scalar damping parameter e increases, the main
stress trajectories are more clearly highlighted. This could sug-
gest that the main tendency observed from the stress trajectories
FIGURE 4 | Results for different damped stress fields. The damping parameter e is indicated in each map. Same legend as Figure 3.
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FIGURE 5 | Ternary diagrams of the principal stress axes of the reduced stress tensors for the different damped stress fields. The damping parameter e
is indicated above each diagram.
is statistically strongly required by the data, although some local
perturbations are maintained even with a high damping as shown
in Figure 6. Here, we only consider the trends that remain stable
irrespective of the e-values. These correspond to a stress field
strongly required by the data.
Error propagation tests
To evaluate the stability of stress inversion in each cell, we gener-
ated a data vector that includes random noise and inverted this
to evaluate the propagation of the data errors. This experiment
is similar to the “Monte Carlo” tests commonly used in seismic
tomography.
To carry out error propagation tests with the damped stress
field models determined in section Stress Field Results, we first
added random perturbations on the strike, dip and rake of our
dataset in the range of the uncertainties of the fault plane solution
(±15◦, section The Earthquake Catalog Used for Inversion), fol-
lowing a normal distribution (Figure 7D). We then inverted the
noisy data and finally evaluated the difference between the noisy
models and the optimum damped model (e = 0.6) determined
in section Stress Field Results. A convenient way to evaluate error
propagation is to compute the scalar product of the principal
stresses between a perturbed stress tensor and a non-perturbed
one at the ij cell, giving the angular deviations. For convenience,
the angular deviation for each of the principal stresses is noted
herein as σ1 − σ ′1, σ2 − σ
′
2, and σ3 − σ
′
3.
The results are presented for each principal stress axis in
Figure 7. The histograms in Figures 7E–G reveal the mean
angular deviations associated with the mean errors in the range of
10± 13◦, 14± 16◦, and 9± 12◦ for σ1 − σ ′1, σ2 − σ
′
2, and σ3 − σ
′
3
respectively, showing relatively small deviations. Interestingly, σ 3
is the most stable stress axis while σ 2 is the least stable one.
The number of cells with a deviation of under 10◦ for σ3 − σ ′3
is 59 (73% of the cells). The surface map deviations depicted in
Figures 7A–C show that cells with high deviations (more than
25◦) are systematically found on either a and c or b and c maps.
For instance, cell 53 for σ2 − σ ′2 is associated with a high angular
deviation that can also be found in the same cell for σ1 − σ ′1
but not for σ3 − σ ′3 (Figure 7). This suggests that stress rotation
occurs around the σ3 stress axis, which remains the constant axis.
Nevertheless, cell 16 is found to be deviated for all the princi-
pal stress axes (Figure 7). Stress deviations are therefore mainly
expressed by rotations along one of the principal stress axes.
It is not surprising that σ2 is the least stable stress axis since
it is the common denominator for stress permutations such as
σ1/σ2 and σ2/σ3. However, compared to the damped stress field
models, we already pointed out the capacity of the stress field
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Table 1 | Stress tensor solutions computed for a damping parameter
e = 0.6, model displayed in Figure 4.
n◦ t1 p1 t2 p2 t3 p3  σhmin N Rm
1 45 29 213 61 313 6 0.78 133 11 S.S.
2 266 19 28 57 166 26 0.74 169 26 S.S.
3 259 16 120 69 353 13 0.59 172 44 S.S.
4 43 3 304 70 134 20 0.77 134 28 S.S.
5 357 27 158 61 263 8 0.33 266 15 S.S.
6 14 39 189 51 282 3 0.78 102 8 S.S.
7 66 77 242 13 332 1 0.6 152 17 N
8 17 37 220 51 115 11 0.66 113 60 S.S.
9 132 13 251 65 37 22 0.23 221 13 S.S.
10 153 17 56 22 278 62 0.68 254 17 R
11 352 58 223 21 124 22 0.82 122 51 N
12 171 4 77 46 265 43 0.72 263 22 S.S.
13 238 12 100 74 330 10 0.52 149 43 S.S.
14 284 31 104 59 194 0 0.63 194 23 S.S.
15 276 0 180 87 6 3 0.2 186 23 S.S.
16 300 56 199 8 104 33 0.52 95 10 N
17 305 39 80 41 193 24 0.6 200 10 S.S.
18 196 71 17 19 287 0 0.3 107 18 N
19 167 26 331 63 74 7 0.56 255 36 S.S.
20 8 2 268 79 99 11 0.34 98 10 S.S.
21 166 1 260 75 76 15 0.63 256 19 S.S.
22 262 16 0 28 145 58 0.65 162 13 R
23 119 6 5 76 211 13 0.28 210 13 S.S.
24 337 51 146 39 240 6 0.72 241 24 N
25 309 83 163 6 73 4 0.66 253 25 N
26 355 5 87 24 253 66 0.22 264 11 R
27 359 30 147 56 260 15 0.83 262 10 S.S.
28 184 19 282 21 55 61 0.65 262 16 R
29 217 72 323 5 54 17 0.88 234 14 N
30 347 33 209 48 92 22 0.88 91 16 S.S.
31 71 10 341 1 244 80 0.75 161 9 R
32 347 6 255 13 98 75 0.51 258 8 R
33 232 4 140 22 332 67 0.41 143 12 R
34 179 60 8 30 275 4 0.85 95 66 N
35 149 20 350 69 242 7 0.64 241 55 S.S.
36 355 47 176 43 86 1 0.59 266 18 N
37 13 73 277 2 187 17 0.69 187 50 N
38 201 59 314 14 51 28 0.85 232 88 N
39 320 4 225 53 53 37 0.23 231 27 S.S.
40 276 28 22 27 147 49 0.16 183 17 R
41 123 13 29 18 247 68 0.24 215 22 R
42 330 56 191 27 91 19 0.54 265 14 N
43 131 2 34 79 222 11 0.44 222 11 S.S.
44 167 18 355 72 258 2 0.82 257 86 S.S.
45 335 57 151 33 243 2 0.87 242 104 N
46 117 58 265 28 2 14 0.44 189 43 N
47 152 83 352 7 262 2 0.71 261 8 N
48 10 20 169 69 278 7 0.89 98 12 S.S.
49 198 14 106 7 350 74 0.55 111 32 R
50 276 77 167 4 76 12 0.78 256 16 N
51 357 31 217 52 100 20 0.68 97 10 S.S.
(Continued)
Table 1 | Continued
n◦ t1 p1 t2 p2 t3 p3  σhmin N Rm
52 187 4 279 24 87 65 0.45 96 8 R
53 222 74 17 15 108 7 0.8 109 38 N
54 341 53 170 37 77 5 0.92 257 45 N
55 331 27 170 61 65 8 0.62 243 23 S.S.
56 303 60 190 13 93 27 0.58 267 11 N
57 208 47 11 42 108 8 0.6 111 15 N
58 337 81 94 4 185 8 0.34 186 15 N
59 284 14 18 15 152 69 0.35 192 10 R
60 310 59 156 29 59 12 0.58 236 11 N
61 198 15 297 32 86 54 0.76 96 11 R
62 41 10 191 79 311 6 0.75 131 13 S.S.
63 144 75 341 14 250 4 0.9 250 73 N
64 209 70 348 15 81 12 0.53 264 15 N
65 345 39 179 50 81 7 0.49 258 16 S.S.
66 186 68 5 22 95 0 0.18 96 25 N
67 270 57 166 9 70 31 0.08 185 9 N
68 0 63 181 27 91 0 0.59 91 13 N
69 85 87 170 1 265 4 0.68 260 35 N
70 337 36 150 54 244 3 0.79 245 22 S.S.
71 3 56 214 30 115 14 0.88 114 14 N
72 184 5 93 11 298 78 0.38 95 12 R
73 167 39 286 31 41 36 0.64 233 10 N
74 66 72 295 12 202 13 0.91 202 22 N
75 321 35 95 45 212 25 0.37 223 23 S.S.
76 351 69 108 10 202 18 0.73 203 16 N
From left to right: cell number is denoted by n◦, the trend (t) and plunge (p) in
degrees of the three principal stress axes σ1, σ2 and σ3 the stress shape ratio 
defined in equation 3.2, σhmin as the minimum horizontal stress in Figure 6, the
number of data N within the cell considered, the stress regime Rm de-fined by
S.S for Strike-Slip, N for Normal and R for Reverse regime.
to permute mainly between σ1 and σ2 as shown on the ternary
diagrams (Figure 5). So this stress permutation revealed through
the stress field models is in good agreement with the results of
the error propagation test. Applying tests with different damping
parameter values (i.e., e = 0.8, 1, 1.4) yielded lower mean values
concerning the deviation for each principal stress axis, keeping σ3
as the most stable axis. Adding larger noise, of the order of ±30◦
following a normal distribution, led to an increase in the mean
angular deviation for each stress component of the order of 3◦.
Although more cells are disturbed, 44 cells for σ3 − σ ′3 have a
deviation of under 10◦, which represents 58% of all cells. Overall
the error propagation tests show that the computed stress fields
are stable.
STATE OF STRESS DURING THE 1996 VOLCANIC CRISIS
Several eruptions occurred during the 20 year time-span of the
study. To select the eruptions associated with a large number of
focal mechanisms for stress inversion purposes, a window of 100
earthquakes within 30 days was set up. Thus, only the volcanic
crises in October 1996 (Guðmundsson et al., 2004, and references
therein) and November 2004 in Grímsvötn (Sigmundsson and
Guðmundsson, 2004) yielded significant numbers of earthquakes
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FIGURE 6 | σhmin maps for the different damped stress fields. The inset rose diagrams depict the direction of σhmin in 10◦ bins for each volcano denoted by
the capital letter and delimited by the dashed black line (only showed on the stress field for e = 0.6). Same background as for Figure 3.
to carry out a proper analysis of state of stress (Figure 8A). Here,
we focus on the volcanic crisis of 1996 because the resulting
regional stress field shows only two main orientations of stress
axes: (1) a dominant one nearly perpendicular to the spread-
ing direction, and (2) a minor tendency in agreement with
the spreading direction (Figure 6). The Grímsvötn area shows
a more complex stress pattern that is probably not only related
to volcano-tectonic interactions but also associated with a major
geothermal activity (Bjórnsson et al., 1982, 1992) and outburst
(i.e., jökulhlaup).
Cluster selected for stress analysis
Prior to the eruption, no particular seismic activity was
observed. A significant seismic activity started on the 29th of
September 1996 with a main shock of 4.8 moment magnitude
(Figures 8B,C). The eruption onset lasted from the 30th of
September to the 13th of October and took place on a 6 km long
Gjálp fissure (Guðmundsson et al., 2004, Figure 1B), while dyke
intrusion is believed to have occurred around the Barðarbunga
central volcano (Pagli et al., 2007). The selected cluster includes
184 earthquakes starting from the main shock on the 29th of
September 1996 until the 25th of October 1996 (Figures 8A,C).
Figure 9 shows the general distribution of the strike, dip and
rake of the cluster. Two main strike orientations are noted in
the range of N095 to N115◦ and N195 to N210◦ (Figure 9A).
Both nodal planes show dips that can be either relatively gentle
(from 45 to 70◦) or steep (from 70◦ to 90◦) (Figure 9B). The rake
presents two main peaks in the range of −45 to 30◦ and −170
to 150◦ (Figure 9C). This cluster denotes a major tendency for
strike-slip mechanisms during eruption.
Stress analysis
To detail the state of stress, we used another approach to the
one that served for the regional stress inversion. A random stress
search from the Fsa package (Célérier, 2013, see section Random
Stress Search) allowed interactive detection of the mechanically
homogenous data subset.
A first stress inversion was applied to the 184 focal mecha-
nisms. It yielded a reduced stress tensor which barely explains
all the data. A second stress inversion was run but this time 30%
of data were randomly selected and used for inversion to detect
different datasets that are mechanically consistent. The resulting
solution shows a reduced stress tensor with σ3 orientation of
N065◦ associated with a plunge axis of 22◦ and σ1 orientation
of N169◦ associated with a plunge axis of 30◦ ( = 0.8), thus
defining a strike-slip regime. This solution explained 78 of the
focal mechanisms with an angular α misfit lower than 30◦. So
this reduced stress tensor was used to reject data that yields an
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FIGURE 7 | Results for error propagation tests. (A–C) represent the
surface map of the angular deviation in degrees indicated by the color bar
scale for σ1 − σ ′1, σ2 − σ ′2, and σ3 − σ ′3 respectively. Cells 53: example of
stress axes permutation between σ1 and σ2 while σ3 remains unchanged
(further explanation in text). Cell 16: example of large stress deviations for all
of principal stress axes. (D) is the normal distribution of the errors used to
perturb the data. (E–G) are histograms showing the distribution of the
angular deviation as function of the number of cell.
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FIGURE 8 | Distribution in time of the seismic events used in this study
(see section The Earthquake Catalog Used for Inversion). (A) histogram
showing the 20 years span of the database and the two major cluster
denoted by the light purple bars based on a time window of 100 earthquakes
for 30 days; (B) histogram of the selected cluster for stress analysis of the
1996 Gjálp eruption; (C) distribution of the epicenter of the selected cluster
of the eruption 1996 as function of depth in km, red start denotes the main
shock occurred the 09/29.
angular α misfit higher than 90◦, to obtain a mechanically con-
sistent data subset. Two subsets were thus sorted out, a first one
containing 104 focal mechanisms and a second one containing 80
focal mechanisms. From this stage onwards, stress inversions are
run on each subset.
Before inverting the data, a P, B, and T-axis analysis for
104 focal mechanisms is performed and presented in Figure 10.
Interestingly, the P and T axes have a preferred orientation and
the T-axis ranges between N055 and N075◦ (Figures 10A,B).
According to the ternary diagram, most focal solutions are strike-
slip in type although reverse and normal ones also occurred.
A random stress inversion was applied to this data set. The 10
best reduced stress tensors are retained and these are shown
in Figures 10D–H. The orientation of σ3 for the best solution
is N073◦ with a plunge of 28◦ while the orientation of σ1 is
N333◦ with a plunge of 17◦ for a stress shape ratio of 0.72,
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FIGURE 9 | Histograms of the strike (A), dip (B), and rake (C) for both nodal planes of the cluster of the volcanic crisis of 1996 (see section Cluster
Selected for Stress Analysis).
characterizing a strike-slip regime away from the Andersonian
position (Figure 10E). This solution explains 83% of the data
(with an angular misfit inferior to 30◦, Figure 10G). The average
angular misfit of the best solution was 15.9◦. As for the regional
stress field, an error propagation test was run, showing that the
parameters of the reduced stress tensors remain very stable (see
section Error Propagation Tests). The 10 best solutions obtained
are in agreement with the regional stress field obtained over the
20-year span of this study (Figure 6).
As for the first subset, a P, B, and T-axis analysis was per-
formed with the remaining 80 focal mechanisms and the results
are presented in Figure 11. A preferred orientation of the T-axis
is found; T-axes are mainly orientated in the range of N150–170◦
(Figures 11A,B). In terms of mechanisms, strike-slip regimes are
dominant, although many focal solutions range between reverse
and strike-slip positions in the ternary diagrams (Figure 11C). A
first stress inversion was performed, yielding an average angu-
lar misfit of 20◦. This misfit is acceptable, but it is preferable to
refine it and run a second stress inversion, to remove the focal
solutions with an angular misfit of higher than 90◦. The second
stress inversion yields an angular misfit of 14◦, removing 5 focal
solutions. These solutions are satisfactory and very stable, accord-
ing to the estimation of the 10 best reduced stress tensors. An
error propagation test was performed and this confirmed that the
reduced stress tensor parameters are stable. Moreover, the best
estimated stress tensor explains more than 90% of the data. This
stress tensor solution shows a σ3 axis of N322◦ with a stress shape
ratio  = 0.6 and is characterized by a strike-slip regime away
from the Andersonian positions (Figure 11).
Two states of stress are well-identified: (1) the strike-slip
regime with the σ3 orientation of N073◦ (called T1 hereafter), and
(2) the strike-slip regime with the σ3 orientation of N142◦ (called
T2 hereafter). To illustrate more clearly the difference between the
T1 and T2 tectonic regimes, we computed the distance between
the 10 best reduced stress tensor solutions of T1 and T2. Lisle
and Orife (2002) and Orife and Lisle (2003) defined a measure
of the distance between two stress tensors called stress difference,
expressed by a single scalar D that takes into account not only
the stress orientation but also the stress magnitude (the reader is
referred to these references for further details). This parameter D
varies from 0 to 2, where 0 means that the two stress tensors are
identical and 2 means that they are strictly opposite. The results
are shown in Figures 12A,B. It is clear that T1 and T2 are oppo-
site stress tensors since the D values are in the range of 1.8–2. The
T1 regime represents 56% of the cluster while the T2 regime rep-
resents 41%. 3% (including the main shock) remain unexplained
by either T1 or T2.
Occurrence of the state of stress and geometrical rotations with
time
To observe the occurrence of the T1 and T2 tectonic regimes over
time, we simply plotted the focal solutions associated with T1 and
T2 as a function of time (Figure 13A). Furthermore, to evalu-
ate rotation of focal mechanisms with time, we consider three-
dimensional rotations (3-D) of the geometry of focal mechanisms
by an approach such as that described by Kagan (2007). This
method considers 3-D rotations by which one double-couple
focal mechanism can be turned into another arbitrary focal mech-
anism. This 3-D rotation is expressed by a single misfit angle
noted β. This misfit β angle varies from 0◦ when the pair of
focal mechanisms is identical to a maximum angular misfit of
120◦. To calculate β, focal mechanisms need to be compared to
an arbitrary frame. We introduced here the frame Q = (p, b,t)
where p, b,t are unit vectors parallel to the seismological P, B,
and T axes respectively (here we used the same frames as Célérier,
2008, 2010). T1 was defined by the frame ST1 (see section Stress
Inversion Principle) and was used to set up an arbitrary frame
QT1 such that:
ST1 = QT1 (6)
Yielding a misfit β = 0 between these two frames. Next, each
focal mechanism was defined by its frame Qk (where k = 1, 2,
3. . .N the number of focal solutions). This was associated with
the tectonic regime T1 compared to QT1 and the 3D rotation
angle β calculated. One should note that QT1(i.e., the arbitrary
frame) and Qk have to be compared in a common reference
frame. We use a geographical frame G = (g1; g2; g3) where g1, g2,
and g3 are unit vectors pointing north, east and down, respec-
tively. The same process was carried out for T2, where QT2 is the
second arbitrary frame set up. Rather than the absolute amount
of rotation, we considered the relative rotation to qualitatively
observe geometrical rotations of the focal solutions over time.
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FIGURE 10 | P, B, and T analysis and stress inversion results for the
tectonic regime T1. (A) Stereographic projection lower hemisphere of
P-axes, (B) Same projection for T-axes, (C) Ternary diagram for the P, B and
T axes, S1 = Extension, S2 = Wrench, S3 = Compression (see Figure 3
for references). (D) Tectonic regime plot (Armijo et al., 1982; Philip, 1987;
Célérier, 1995) of the 10 best stress tensors resulting from the random
stress search. Vertical axis,  =
(
σ2−σ3
σ1−σ3
)
. (E) Ternary diagram showing the
plunge-axes of the 10 best stress tensors. (F) Same projection as for the
P and T-axes, red squares denote the orientation of σ1, blue circles σ2 and
green diamonds σ3. (G) Table of the best 10 stress tensors in ascending
order (x-axis, the first one being the best one), with the individual angular
misfit α (between the observed slip and the resolved shear stress) of each
datum (y-axis). Blue cases for α > 5◦, purple ones for α > 15◦, and green
ones α > 30◦. The gray ones shows α > 30◦ and then are not explained
by the stress tensor. (H) Average misfit α in y-axis for the 10 best stress
tensor numbered in x-axis.
This method is simple and has the advantage of not involving
stress inversion. The results of the focal solutions with time are
presented in Figure 13A. Also, the focal solutions and the rota-
tion β misfit are presented on maps as functions of T1 and T2
(Figure 13B).
From Figure 13 it is obvious that both tectonic regimes
occurred within the same time periods, sometime even within a
couple of minutes of each other. Such flip of focal mechanisms
over a short time period was seen in the Upptyppingar swarm
in 2007 in Iceland, northeast of the glacier (Jakobsdóttir et al.,
2008; White et al., 2011). Substantial changes in rotation of
focal solutions were mainly observed immediately prior to the
eruption (approximately 15 h before its onset) and during the
first days of the eruption from 30th of September to 2nd of
October). Afterwards, the rotation remains almost standard, but
the amount of rotation is relatively greater than during the
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FIGURE 11 | P, B, and T analysis and stress inversion results for the tectonic regime T2. Same legend as Figure 10.
first days of the eruption. Also, both tectonic regimes occurred
spatially in close proximity to each other, so no particular dis-
tribution was observed. This feature was also highlighted in the
Upptyppingar swarm (Jakobsdóttir et al., 2008; White et al.,
2011). However, then the location of the maximum amount of
rotation seemed to be located northern of the Barðarbunga vol-
cano where the main shock occurred, and in an ice-free domain
(Figure 13B).
DISCUSSION
More than 2400 focal mechanisms spanning a period of almost
20 years (from 1991 to 2009) were inverted to infer a first
insight of the regional stress field beneath the Vatnajökull glacier.
The contribution of the volcanic, tectonic and isostatic rebound
processes will be discussed in the light of recent numerical models
to interpret the resulting stress field.
PRESENT-DAY STATE OF STRESS IN THE VATNAJÖKULL REGION
Regional stress field over a 20 year time-span
The different stress fields obtained by the Hardebeck and Michael
(2006) approach revealed a dominance of normal and strike-
slip faulting associated with high stress shape ratio (e.i., σ1 ≈
σ2). In detail, the ternary diagrams (Figure 5) show rather a
continuum between the normal and strike-slip faulting. These
features suggest the occurrence of stress permutation between σ1
and σ2 in agreement with the stress shape ratio characterizing
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FIGURE 12 | Two opposite reduced stress tensors. (A) Plot of the
parameter D (in x-axis) representing a distance between the pair of the
10 best stress tensors solutions of T1 and the best 10 stress tensors
of T2 (y-axis, in ascending order where the first one being the best
one) that takes into account the stress orientations and the stress
shape ratio (see section Stress Analysis, references (Lisle and Orife,
2002; Orife and Lisle, 2003)); (B) 3D perspective of the two opposite
stress tensors T1 and T2.
seismotectonic behavior. Stress permutations between σ2 and
σ3 also occur but they remain a minor feature. It is well-
established that stress permutations such as switching between
normal to strike-slip faulting occurred widely throughout Iceland
for the present-day stress field (Bergerat et al., 1998; Garcia
et al., 2002; Bergerat and Plateaux, 2012) and for paleo-stress
fields (Bergerat et al., 1990; Villemin et al., 1994; Guðmundsson
et al., 1996; Bergerat and Angelier, 1998; Plateaux et al., 2012).
Local conditions such as the uniaxial extension (σ1 = σ2 > σ3),
fluid transport and dyking can effectively affect the stress field
locally. However, with the database and the method used here
the question arises as to whether this permutation reflects oblique
mechanisms (i.e., oblique slips) or rather two kinds of pure mech-
anisms. To answer this question, we selected the cell with the
greatest amount of data. One hundred and four focal mechanisms
are located around Bárðarbunga volcanoes as shown in Figure 4
at node 15–16 (stress tensor solution n◦ 48 in Table 1) as a rep-
resentative cell. We plotted the P, B, and T axes of the 104 focal
mechanisms in this cell.
This test does not imply any stress inversion and gives a
“direct” observation of the focal mechanisms. The results are pre-
sented in Figure 14 and reveal a continuum between normal and
strike-slip types. This strongly supports the hypothesis that the
stress regime in the studied area is a continuum between normal
and strike-slip faulting.
In terms of stress orientations, two preferred directions of
σhmin were determined: (1) a direction in agreement with the
spreading direction N◦105 E according to DeMets et al. (1990,
1994) and (2) a second direction deviated and perpendicular in
some places. The damped regional stress field shows that the devi-
ated stress direction is sustained through time mainly around the
Bárðarbunga and Grímsvötn central volcanoes while the second
direction prevails around the Hamarinn volcano. Interestingly,
a gravimetric study of Guðmundsson and Hognadóttir (2007)
highlighted that, in contrast to the large central volcanoes such
as Grimsvötn and Bárðarbunga, no gravity anomaly is associated
with the central volcano of Hamarinn. This volcano is lacking
collapse caldera and shares a fissure swarm with the larger vol-
cano of Bárðarbunga. Guðmundsson and Hognadóttir (2007)
thus proposed that one of the two central volcanoes within the
Veidivötn-Bárðarbunga volcanic system (Figure 1) becomes the
dominant one (here the Bárðarbunga) and serves as the main
conduit of magma supply, while the Hamarinn is supplied spo-
radically through sharing-dyke with the dominant one. This
might explain why no deviation is observed in the Hamarinn
volcano over the period of the study (20 years).
State of stress during the 1996 eruption
The same preferred directions of σhmin were determined for the
present day stress and the state of stress during the 1996 eruption.
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FIGURE 13 | Distribution in time and in space of the tectonic regimes T1
and T2 during the 1996 eruption. (A–C) shows the 3D rotations angle β of
each focal solution (Kagan, 2007) compared to the frame QT1 for T1 in red
and the frame QT2 for T2 in blue respectively in y-axis and the time in x-axis,
the dots represent the seismic events (see section Occurrence of the State
of Stress and Geometrical Rotations with Time). The maps show the amount
of 3D rotation β for T1 (D) associated with bars that characterized the
location of the seismic events and the orientation of σhmin = N073◦ ± 5◦ and
for T2 (E) with the same features than (D) where the orientation of σhmin =
N142◦ ± 7◦.
However, it appears that the deviated stress direction prevails.
Deviated states of stress from both the regional stress field and
during the volcanic crisis show similar stress orientations and
stress shape ratio (i.e., σ1 ≈ σ2).
White et al. (2011) have demonstrated that the flip of normal
to reverse focal mechanisms may occur within a minute and in
the same location. The two opposite states of stress character-
ized by the strike-slip regime that were highlighted during the
volcanic crisis in 1996 support the same observation of two oppo-
site fracturing mechanisms. Because the two T1 and T2 states of
stress show stress regimes distant from the Andersonian posi-
tions, P, B, and T axes should be interpreted in terms of fault
and slip geometry rather than in terms of stress (Célérier, 2010).
White et al. (2011) proposed that the simultaneous normal and
reverse sequence mechanisms may be associated with the pro-
gressive melt intrusion of a dyke. We propose that during the
1996 eruption, magma intrusion may have caused such sequence
as well.
Comparison with other regions
The stress directions described here have been observed else-
where in Iceland. For instance, a large swarm of earthquakes
occurred in 2007 north of the Vatnajökull in the Upptyppingar
region at a depth of 14–17 km and it is believed that this was
due to dyke intrusion (Jakobsdóttir et al., 2008). Analyses of P, B,
and T-axes from fault plane solutions achieved by the Icelandic
national survey showed two preferred directions of the T-axis:
one is in agreement with the direction of regional spreading
and another one lies perpendicular to this (Jakobsdóttir et al.,
2008; Plateaux et al., 2012). Interestingly, such an observation has
been described for other volcano-tectonic regions such as Mount
Etna (Cocina et al., 1996; Patané and Privitera, 2001), Guagua
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FIGURE 14 | Distribution of the P, B, and T-axes for the 104 focal
mechanisms of the cell 15–16 (corresponding to the stress tensor
solution number 48, see Table 1).
Pichincha in Ecuador (Legrand et al., 2002), the Soufrière Hills
volcano (Roman et al., 2008) or Mount St. Helens in Washington
(Letho et al., 2010). These studies propose that intruding magma
must be the cause of these major changes in the direction of the
pressure or tension axes. Thus, we argue that the occurrence of
the stress deviations that we observe must be the consequence of
volcanic processes prevailing locally on the tectonic ones, not only
during a volcanic crisis but also over several years.
CONTRIBUTION OF NUMERICAL MODELING FOR STRESS
INTERPRETATION
The contribution of numerical modeling may provide an insight
to decipher the “stress signal” of the volcanic, tectonic and iso-
static rebound processes from the resulting stress field.
Influence of the glacier retreat
Iceland is currently undergoing glacial isostatic adjustment due to
melting of the glaciers (Árnadóttir et al., 2009).Moreover, accord-
ing to these authors our study area is the fastest rebounding area
in Iceland. Therefore, we can expect the regional stress field to be
affected by elastic rebound due to glacier thinning. On the base
of numerical models of magma transport and isostasic rebound,
Hooper et al. (2011), Jull and McKenzie (1996), Maclennan
(2002), Sigmundsson et al. (2010a,b), and Pagli and Sigmundsson
(2008) showed that decompression due to the recent retreat of
the glacier will significantly increase the rate of melt generation
in the mantle. However, Sigmundsson et al. (2010a,b) argued that
the mode and time scale of transport of the additional magma
toward the surface may take longer than decades or centuries.
So, we might expect no direct influence of deglaciation on the
regional stress field during the short time period of our seismotec-
tonic study (20 years). According to Sigmundsson et al. (2010a,b),
the elastic rebound due to the effect of present day ice thinning
on the failure of shallow magma chambers should remain small,
compared to their natural activity. Therefore, we can discard a
notable effect on the expected state of stress (in terms of stress
orientation and magnitude) due to the present-day retreat of the
glacier, which can be compared to our results.
Stress deviation around volcanoes
A number of studies have attempted to model the stress field
in terms of stress orientation and magnitude for volcano-
tectonic interactions (Guðmundsson et al., 2005; Guðmundsson
and Andrew, 2007). Numerical modeling of Andrew and
Guðmundsson (2008) considered for their calculations the
magma chambers as elastic inclusions. With these simplifications,
they highlighted that a contrast of elastic properties between
central volcanoes and their host matrix (e.g., lava pile) may sig-
nificantly change the stress field. More specifically, the maximum
principal stress (σ1) can change in both magnitude and ori-
entation in the host rocks immediately surrounding the elastic
inclusion. These numerical models predict local stress deviation
from the spreading direction around volcanoes. Pressurization
and depressurization of the magma chamber must also change
the stress in direction and inmagnitude. Vargas-Bracamontes and
Neuberg (2012) propose an interaction between the regional and
the magma-induced local stress field, based on the Coulomb fail-
ure criterion, to explain the 90◦ shift of pressure axes (P-axes)
referred therein as deviated stress direction from the regional
stress field.. According to these authors, when magma pres-
sure starts to increase, the slip (in either a regional or rotated
sense of slip relative to the regional maximum compression)
also increases. A further increase would tend to promote fault-
ing in the opposite sense from faulting induced by regional
stress fields.
CONCLUSION
While several authors, cited above, stressed the variability of focal
mechanisms computed from the records of earthquake swarms,
so far no inversion of stress field from focal mechanisms concern-
ing the volcanic regions of Iceland has been published. Therefore,
our scientific aim was to study at a small spatial scale the vari-
ations of the stress field around and beneath the Vatnajökull ice
cap, where no direct observation of faulting is possible.
To do this, we used the methodology developed by Hardebeck
and Michael (2006) that allowed us to analyze these variations
on a 2.5 × 2.5 km scale during a temporal period of 20 years.
To verify the resolution and evaluate the range of errors of our
results, we introduced innovative methodologies as propagation
test errors, notably the inversion developed by Célérier (2013).
We also computed the stress difference as proposed by Lisle and
Orife (2002) to extract distinct tectonic regimes.
In this paper, we describe the characterization of a continuum
between strike-slip and extensive faulting with a high stress shape
ratio . We highlight local permutations between σ1 and σ2 and
horizontal deviations of the stress pattern. Twomain directions of
σhmin were revealed: one in agreement with the regional spreading
and second deviated, and even perpendicular to the first in some
places. The deviated stress direction is sustained through the 20
year span of the study around the Bárðarbunga and Grimsvötn
central volcanoes while the spreading direction remains predom-
inant around the Hamarinn volcano. This result supports the
hypothesis that this volcano lacks collapse caldera and shares a
fissure swarm with the larger Bárðarbunga volcano.
During the 1996 eruption, two opposite strike-slip stress
regimes occur: one in agreement with the spreading direction and
Frontiers in Earth Science | Structural Geology and Tectonics May 2014 | Volume 2 | Article 9 | 18
Plateaux et al. Volcano-tectonic interactions inferred from stress
the other deviated from this direction, which prevails during the
volcanic crisis. Because these two states of stress T1 and T2 show
stress regimes away from the Andersonian positions, P, B, and T
axes, the rapid flip between these two regimes may be associated
with the progressive melt intrusion of a dyke.
As a whole, the detailed study of stress regimes in this vol-
canic region provides not only a description of P, B, and T
axis direction, but also allows the fracturing mechanisms over
the long-term and during an intrusion/eruption sequence to
be inferred through determination of the stress shape ratio
. Such stress deviations and/or permutations may favor the
reactivation of faults and could explain the intense seismicity
observed in the Vatnajökull region. Because such stress per-
turbations have already been noticed in other volcano-tectonic
regions, such a detailed procedure of studying stress regimes at
several spatial and temporal scales could be applied to other
volcanic regions.
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